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It has been suggested that large foregut-fermenting marsupial herbivores, the kangaroos 18 and their relatives, may be less constrained by food intake limitations as compared with 19 ruminants, due mainly to differences in their digestive morphology and management of 20 ingesta particles through the gut. In particular, as the quality of forage declines with 21 increasing contents of plant fibre (cellulose, hemicelluloses and lignin; measured as 22 neutral detergent fibre, NDF), the tubiform foregut of kangaroos may allow these animals 23 to maintain food intakes more so than ruminants like sheep, which appear to be limited by 24 fibrous bulk filling the foregut and truncating further ingestion. Using available data on 25 dry matter intake (DMI, g kg -0.75 d -1
), ingesta mean retention time (MRT, h), and apparent 26 digestibility, we modelled digestible dry matter intake (DDMI) and digestible energy 27 intake (DEI) by ruminant sheep (Ovis aries) and by the largest marsupial herbivore, the 28 red kangaroo (Macropus rufus). Sheep achieved higher MRTs on similar DMIs, and 29 hence sheep achieved higher DDMIs for any given level of DMI as compared with 30 kangaroos. Interestingly, MRT declined in response to increasing DMI in a similar pattern 31 for both species, and the association between DMI and plant NDF contents did not 32
Introduction 43
Mammalian herbivores cannot breakdown plant fibre auto-enzymatically, and they rely on the 44 fermentation of fibrous components by intestinal microbes, which yield the short-chain fatty 45 acids that are absorbed and metabolised by the host (Stevens and Hume 1998). However, 46 fermentation takes time (Hummel et al. 2006 ) and mammalian herbivores have evolved 47 specialised gut compartments that assist the retention of fibrous materials for efficient 48 digestion. There are two broad morphophysiological types of mammalian herbivores, defined 49 according to where fermentation takes place along the gastro-intestine; i.e. in the forestomach 50
anterior to the acid-stomach (as in ruminant and non-ruminant foregut fermenters), or in the 51 hindgut distal to the acid-stomach (as in colon and caecum fermenters). Foregut and hindgut 52 fermentation systems each have their own benefits and drawbacks with regard to digestive 53 efficiency, and these are discussed in detail elsewhere (e.g. Stevens and Hume 1995) . 54
However, for both types of herbivore, body size is thought to play a key role in their ecology 55 and evolution, principally via its impacts of energy/nutrient requirements and gut capacity 56 interactions between food intake (rather than body mass) and food residence time (i.e. mean 64 retention time; MRT), may be more important for understanding the evolution and ecology of 65 large herbivores and, ultimately, for predicting the cost-benefit boundaries that define their 66 nutritional niches. 67
Herbivores can differ in the way they respond to different levels of feed intake, 68 depending primarily upon food quality and on their ingestive and digestive 69 morphophysiology. In particular, changes in food intake levels can have different effects on 70 the MRT and digestibility (fermentation) of ingested particles. On the one hand, an increase in 71 food intake (measured as dry matter intake; DMI, g kg -0 Alternatively, increasing levels DMI may have only a mild influence on MRT and 80 digestive efficiencies, as seen in the hindgut-fermenting equids (horse and donkey) and 81 elephants. Horses and elephants, for example, achieve nearly constant MRTs over a wide 82 range of DMIs (e.g. Fig. 1 ). As such, these hindgut fermenters can sustain digestive 83 efficiencies and hence DDMIs over a broader range of food intake levels as compared with 84 ruminants and other foregut fermenters (Clauss et al. 2007b Duncan et al. 1990 ). This is probably because ruminants must 97 reduce ingesta particle sizes via regurgitation and re-chewing before material can flow from 98 the rumen-reticulum (via the omasum) to the lower gut. Thus, for ruminants coarse fibrous 99 diets can impair DMIs as bulky material fills the gut. On the other hand, the colon-fermenting 100 equids may not be as limited by fibrous bulk, which passes from the gut more quickly, freeing 101 space for further DMI. However, it is uncertain whether differences in the cost/benefit 102 structure of fore-versus hind-gut fermentation systems (see Stevens and Hume 1998) MRTs than the kangaroos (P < 0.001). 180
There was no significant relationship between MRT and aD of DM for either the 181 lucerne or oaten hay forages by sheep and red kangaroos (Fig. 4) . Nonetheless, these curves 182 describe the relationships between aD of DM and MRT that are directly applicable to our 183 models for DDMI (i.e. Fig. 5 ). Due to the shortage of data, we did not consider the digestive 184 efficiency of sheep and kangaroos separately, but our procedure is in accord with the 185 assumption that time available for digestion is the major determinant of forage digestion if the 186 sequence of fermentation and auto-enzymatic digestion is similar. Because both sheep and 187 kangaroos are foregut fermenters, this condition was met. 188
The relationship between DMI and DDMI (Fig. 5) was modelled for oaten and lucerne 189 hays using the equations derived from Fig. 3 and Fig. 4 . Theoretically, sheep could achieve 190 higher DDMIs at any level of DMI as compared with red kangaroos (Fig. 5) . However, 191 because DDMI is also dependent on the content of hard-to-digest, fibrous material in a given 192 diet, we compared kangaroo and sheep DMIs relative to forage NDF content (Fig. 6) . Overall, 193 it was apparent that the potential for increasing forage NDF (%DM) to limit DMI was similar 194 in both sheep and kangaroos (Fig. 6) , and the kangaroos did not show a marked advantage 195 compared with sheep. In other words, feed intake was depressed by NDF (%DM) in a similar 196 fashion and to a similar extent in both the ruminant and the kangaroos. 197
While differences were not apparent in the MRT-DMI coupling or the impact of diet 198 NDF on DMIs between sheep and kangaroos, differences in their potential to satisfy daily 199 energy requirements (for maintenance; MER) on a given diet were detected. On either the 200 lucerne (Fig. 7a) or oaten (Fig. 7b) at diets containing as much as 67% NDF, but sheep would require a diet with less than 54% 208 NDF (Fig. 7) . 209
210

Discussion 211
The tubiform foregut of kangaroos is comparable in form and function to the haustrated 212 equine colon, and as such we predicted that the slope of the MRT-DMI curve for red 213 kangaroos would be more like that of horses (Fig. 2) rather than sheep. This was not the case 214
and there was little difference in the food-intake patterns between sheep and macropodid 215 kangaroos generally. The slope of the DMI-MRT-relationship for sheep and the red kangaroo 216
were not significantly different (Fig. 3) . Consequently, our data did not support the suggestion 217 that kangaroos could maintain high intake levels with a lesser reduction in digestive 218 efficiency as compared with sheep. Moreover, our data suggest that there is little difference 219 between the sheep and kangaroos in their ingestive responses to diet NDF contents (Fig. 6) ; in 220 other words there did not appear to be any fundamental difference in the intake limitations of 221 sheep and kangaroos due to dietary NDF content, despite sheep possessing the particle-size 222 limitations on digesta flow unique to ruminants. Therefore, factors other than differences in 223 the particle-flow mechanisms of ruminants and kangaroos must affect their DMI-MRT slope. 224
Like the hindgut fermenting equids, kangaroos are less restricted by particle-size dependent 225 flow of ingesta, but their DMI-MRT slope resembles that of the ruminants. 226
An important factor that determines the slope of the DMI-MRT-relationship is the spare 227 capacity available in the gastrointestinal tract. For elephants and horses, the potential for the 228 abdominal cavity to expand ("swell") has been cited as a major facilitator in increasing gut 229 capacity where MRT is kept more or less constant. Similarly, an increase in forestomach to their MRT-DMI curve resembling that of sheep (Fig 3. ) rather than equids (Fig. 1) . due to NDF-rich forages appears reasonably understood (see Allen 1996) , no concept has 279 been proposed for that would explain the limiting effect of NDF on intake in herbivores that 280 are presumably not constrained in the same mechanical way as ruminants (i.e. particle-281 size/density limiting outflow from the foregut). However, such a mechanical constraints 282
simply may have not been demonstrated, and indeed, grinding and pelleting food (i.e. relaxing 283 the particle-size restrictions) increases food intake not only in sheep, but also in kangaroos 284 sheep as diet quality declines. Specifically, on an energetic basis, kangaroos are predicted to 306 meet their maintenance energy requirements at higher forage NDF levels than sheep, even 307 though they apparently share the sheep's' intake limitation linked to NDF content (Fig. 6) . 308
This is due to the comparatively lower energetic requirements of the kangaroos (Munn and 
